Low pressure chemical vapor deposition ͑LPCVD͒ of silicon nitride from bis͑tertiary-butylamino͒silane ͑BTBAS͒ and ammonia precursors has been demonstrated at 550-600°C in a 200 mm vertical batch furnace system. Deposition rates of 4-30 Å/min are achieved with a film thickness variation below 2% 1-sigma. Silicon nitride depositions using BTBAS and NH 3 were found to retain a significant mass-transfer limiting component at temperatures Ͻ600°C. Substantial carbon and hydrogen incorporation are detected in low-temperature BTBAS silicon nitride, relative to dichlorosilane based silicon nitride deposited at higher temperature. These impurities result in the formation of a SiNCH solid solution with carbon substitution of nitrogen and disproportionate occupation of silicon and nitrogen sites by interstitial hydrogen. Optical and physical properties of silicon nitride are significantly altered by the addition of carbon and hydrogen impurities. Etch resistance of BTBAS-derived silicon nitride was found to diminish at elevated hydrogen levels. However, increasing etch resistance is observed in silicon nitride films with higher carbon levels. The data from this study indicate that carbon and hydrogen impurity concentrations may be tuned to produce silicon nitride with specific material properties. Scaling of metal oxide semiconductor ͑MOS͒ transistor dimensions into the 65 nm regime will require formation of increasingly shallow and abrupt source/drain regions. Thermal activation budgets of self-aligned doping processes must be minimized to achieve the desired MOS field effect transistor ͑FET͒ drive current and effective channel lengths (L eff ).
Scaling of metal oxide semiconductor ͑MOS͒ transistor dimensions into the 65 nm regime will require formation of increasingly shallow and abrupt source/drain regions. Thermal activation budgets of self-aligned doping processes must be minimized to achieve the desired MOS field effect transistor ͑FET͒ drive current and effective channel lengths (L eff ). 1 As Fig. 1 shows, deposition of silicon nitride gate spacer occurs after source/drain ͑S/D͒ extension formation and serves to mask the S/D extension region during high-dose implantation of source/drain areas. Silicon nitride films are used for this application due to their high dielectric strength, good step coverage, and compatibility with current process integration. Typically, silicon nitride gate spacer films are deposited by low-pressure chemical vapor deposition ͑LPCVD͒ using dichlorosilane ͑DCS͒ and NH 3 at temperatures of 700-800°C. Significant diffusion of source/drain extension implants can occur at these temperatures, producing less abrupt and deeper implant profiles. This can result in increased short channel effects and higher source-to-drain series resistance that can effectively reduce transistor drive current. Several low-temperature silicon nitride deposition options exist but may not be well suited for advanced gate sidewall spacer applications. Plasma enhanced chemical vapor deposition ͑PECVD͒ of silicon nitride can be performed at temperatures Ͻ400°C. 2, 3 Typically, PECVD silicon nitride films are of low density and contain elevated hydrogen concentrations ͑10-30 atom %͒. Elevated hydrogen levels in the silicon nitride gate spacer can substantially reduce carrier concentrations in the extension regions, resulting in lower drive current. In addition, PECVD silicon nitride tends to exhibit poor step coverage, and the plasma process itself can damage the underlying substrate and degrade device performance.
Industry efforts to reduce silicon nitride deposition temperature have yielded various organosilane precursors. Bis͑tertiary-butylamino͒silane ͑BTBAS͒ is one such precursor that is a liquid at room temperature and is typically delivered by vapor transfer. Reactor effluent analysis 4 identifies tertiary-butylamine, and H 2 as primary reaction by-products with only trace levels of isobutylene detected. This data suggest decomposition of BTBAS occurs through cleavage of t-butylamine ligands and that the decomposition byproduct, t-butylamine, remains stable within the reactor chamber. It is expected that LPCVD of silicon nitride from BTBAS and ammonia proceeds according to the general reaction 3SiH 2 ͓NHC͑ CH 3 ͒ 3 ͔ 2 ϩ 4NH 3 → Si 3 N 4 ͑ s͒ ϩ 6NH 2 C͑CH 3 ͒ 3 ϩ 6H 2 ͓1͔
The chlorine-free chemistry of BTBAS-NH 3 silicon nitride deposition eliminates ammonium chloride formation during deposition, a primary source of defects in silicon nitride films deposited from DCS and NH 3 precursors. It has been reported that silicon nitride depositions from BTBAS and NH 3 at temperatures ranging from 550-600°C produce dense films with low defect density and good step coverage. 5 These properties, in addition to low-deposition temperature, make BTBAS-derived silicon nitride an attractive gatespacer material. However, silicon nitride deposition from the more reactive BTBAS precursor may produce films with substandard uniformity and the use of an organosilane precursor at lower deposition temperatures may result in significant carbon and hydrogen incorporation in deposited films. In addition, the mechanisms driving silicon nitride deposition kinetics and material properties are not fully understood. In this work, deposition rate, composition, and material properties of low-temperature BTBAS-derived silicon nitride are investigated and correlated to process parameters. Material properties of silicon nitride films deposited from BTBAS and NH 3 are also compared against that of DCS-based silicon nitride films deposited at higher temperatures.
z E-mail: jgumpher@dal.telusa.com Figure 1 . Advanced CMOS transistor source/drain extensions must be formed prior to gate spacer deposition. Thermal budget of gate-spacer deposition must be minimized to maintain desired channel length and source/ drain resistance.
Experimental
During this study, silicon nitride depositions were performed in a 200 mm, vertical hot-wall batch reactor. The configuration of the LPCVD reactor is shown in Fig. 2 . BTBAS and ammonia reagents are introduced at the base of the reactor through separate quartz injectors. Reactants flow up the inner tube, across the process zone, and are evacuated between the inner and outer tube through a vacuum exhaust orifice on the gas manifold. Thus, the top zone is considered the exhaust end of the reactor. The reactor is resistively heated with the process temperature monitored by thermocouples positioned between the inner and outer process tube. Reactor zone temperatures are controlled by modulation of electrical power supplied to the heater element. A proportional integral derivative ͑PID͒ algorithm using thermocouple measurement feedback is used to determine the appropriate power to be supplied to individual heater zones.
A low-temperature ͑Ͻ600°C͒, low-flow, and high-flow process was established to deposit 300 Å silicon nitride using a NH 3 to BTBAS flow ratio of 2:1. Reactor zone temperature setpoints are tuned to establish a uniform deposition rate across the reactor. Boat rotation is used to achieve optimal within-wafer film thickness uniformity. Deposition rate and film thickness uniformity are measured from three test wafers distributed across a 100 wafer load area. The top monitor wafer is nearest the reactor exhaust, and the bottom monitor wafer is closest to the reagent injectors. Film thickness data is obtained from beam profile ellipsometry measurements taken at 21 sites evenly distributed across a wafer, with an edge exclusion of 3 mm. Wafer-to-wafer, within-wafer, and overall run thickness variations are examined using percent sigma values. In this study, deposition rate and film thickness uniformity response to changes in temperature and reactant flow rates are used to identify sources of process variation. Silicon nitride film density and composition are investigated using Rutherford backscattering spectroscopy ͑RBS͒, hydrogen forward scattering ͑HFS͒, X-ray photospectroscopy ͑XPS͒, secondary ion mass spectroscopy ͑SIMS͒, and Fourier transform infrared ͑FTIR͒ spectroscopy. The data from these analyses are used to determine the extent and nature of carbon, hydrogen, and oxygen incorporation in silicon nitride deposited from BTBAS and NH 3 . XPS and SIMS analyses were performed at the injection and exhaust ends of the reactor to gain additional insight into BTBAS-NH 3 deposition kinetics within the reactor chamber. Results are compared against that obtained for silicon nitride films deposited from DCS and NH 3 at 700-800°C. Material properties, specifically complex index of refraction and etch rate, are also examined and attempts are made to correlate the material properties to silicon nitride composition. Refractive indexes and extinction coefficients are determined using UV-vis spectroscopic ellipsometry. Silicon nitride etch rates are determined in an aqueous solution of 40% HF ͑49%͒ diluted with ultrapure H 2 O.
Results and Discussion
Deposition kinetics.-The data shown in Fig. 3 from previous characterization 6 illustrates the dependence of deposition rate and film thickness uniformity on the reactant flow rate. Reactor zone temperatures were set at a fixed temperature and were not tuned to minimize deposition rate variations across the reactor. A 2:1 NH 3 :BTBAS flow ratio was maintained as flow rates were varied. Unexpectedly, deposition rates decrease at higher flow rates. This response is due to reactor/substrate cooling by injected BTBAS vapor and is similar to that reported by Park et al. 7 for deposition of phosphosilicate glass ͑PSG͒ using BTBAS as a silicon precursor. Deposition rate and within-wafer thickness variation trends shown in Fig. 3 indicate the vapor cooling effect intensifies at higher flow rates and is most severe in the lower reactor zones, nearest the injectors. Accordingly, reactor zone temperature set points must be adjusted to compensate. Table I illustrates the impact of substrate cooling in this study by comparing reactor zone temperature adjustments required to achieve uniform deposition rates across the reactor for high and low flow process conditions. Equivalent pressure and reagent flow ratios are maintained for high-flow and lowflow processes. However, reagent flow rates of the high-flow process, labeled 2X low-flow in Fig. 3 , are twice that of the low-flow process. Deposition rates of 3.89 and 4.05 Å/min were achieved for the low-flow and high-flow depositions, respectively. Little difference is observed in the center and upper zone temperature adjustments between the low-flow and high-flow processes. Greater temperature adjustments are required to maintain uniform deposition rates for the high-flow deposition. It must be noted that reactor/substrate temperature delta across the reactor cannot be accurately determined from the temperature adjustments of Table I . As stated previously, the reactor temperature is estimated by thermocouple measurements taken between the inner and outer process tubes. Thus, the thermocouples are effectively insulated from reagent cooling that affects the loaded substrates. In addition, the loaded substrates and thermocouples are affected differently by thermal transfer induced by the boat pedestal and stainless steel gas manifold. Both cooling effects are predominant in the lower reactor zones, where the greatest temperature adjustments are required.
It is expected LPCVD of silicon nitride from BTBAS and NH 3 retains a mass-transfer limiting component within the 550-600°C temperature range. Consequently, for an isothermal process, deposition rates are expected to diminish toward the reactor exhaust. This effect is the result of declining reagent concentration, due to consumption during deposition and the corresponding increase of hydrogen and t-butylamine by-products toward the reactor exhaust. Thus, higher deposition temperatures are required in the upper reactor zones to maintain uniform deposition rates. This is supported by the deposition rate vs. temperature data of Fig. 4 that show greater top-to-bottom zone temperature deltas are required to maintain uniform thickness at higher deposition rates. The greater temperature deltas are a direct consequence of increasing reagent depletion at higher deposition rates. The data from Fig. 4 suggest actual reactor/ substrate temperatures follow a trend opposite that indicated by the thermocouple-based temperature adjustments reported in Table I . It is likely that, at deposition temperatures below the intersection of top and bottom zone traces ͑i.e., at 560°C͒ in Fig. 4 , reactor hardware and reagent cooling effects are greater than the lower-zone temperature adjustments required for uniform deposition rates across the reactor. Figure 5 plots within-wafer film thickness variation as a function of wafer location in the reactor for low-flow and high-flow BTBAS-NH 3 silicon nitride depositions using the temperature adjustments of Table I . For these tests, additional monitor wafers were distributed within the bottom reactor zone for an accurate estimation of within-wafer film thickness uniformity as a function of wafer position. The effect of substrate cooling from injected reagents on thickness uniformity is evident in the extreme lower end of the reactor. Radial, edge-thin film thickness profiles are observed in this regime. As Fig. 5 shows, this effect can be minimized by reduction of reagent flow rates. Reduced flow rates and the corresponding increase in residence time enable increased heating of the injected reagents prior to their reaching the process area of the reactor. Minimum within-wafer thickness variation occurs when the substrate cooling effects are completely offset by the effects of reagent concentration gradients that develop across the substrate. This variation minima occurs closer to the base of the boat at lower flow rates due to reduced substrate cooling in the lower reactor zones. Film thickness maps show increasingly nonradial variation toward the minima location. The nonradial variation is due to uneven heating of the rotating boat and pedestal at the lower end of the reactor, and is substantially greater for the high-flow process. This is likely due to larger thermal gradients being induced within the rotating boat/ pedestal assembly at higher reagent flows. As substrate cooling diminishes toward the reactor exhaust, the deposition becomes increasingly edge-preferential due to larger reagent concentration gradients being induced at higher temperatures. Reduced withinwafer thickness variation is observed in the center and upper reactor zones using the high-flow deposition conditions. This is likely a consequence of increased substrate edge cooling at elevated flow rates. Figure 4 shows semilog plots of top and bottom zone deposition rates as a function of temperature for the low-flow silicon nitride deposition. Thermal response and associated activation energies are determined independently for each zone, with all other zones fixed at the optimized temperature settings reported in Table I . Calculated activation energy of silicon nitride deposition occurring in the bottom furnace zone was 61.73 kcal/mol, compared to 31.52 kcal/mol in the top zone. The overall activation energy of 55.4 kcal/mol estimated by Laxman et al. 5 for BTBAS-NH 3 silicon nitride deposition over a similar temperature range fall between those reported in this work for top and bottom reactor zones, and likely represents an average value. Figure 4 shows that greater top zone temperatures, relative to the bottom zone, are required to maintain uniform deposition rates across the reactor. The strong dependence of activation energy on reactor position indicates significant reagent depletion occurs toward the reactor exhaust and that the deposition retains a substantial mass-transfer limiting component within the 550-600°C temperature regime investigated in this study. In fact, at temperatures Ͼ560°C, BTBAS silicon nitride deposition kinetics are similar to that reported for higher-temperature ͑у700°C͒ silicon nitride depositions using dichlorosilane and ammonia. 8 
Material Analysis
RBS was used to determine silicon nitride stoichiometry and carbon incorporation in the deposited films. HFS was used to determine hydrogen levels. Table II shows the measured composition of 500 Å silicon nitride films deposited from BTBAS and NH 3 using both high-flow and low-flow process conditions. As BTBAS is an organosilane, carbon impurities are expected in silicon nitride derived from this precursor. Carbon levels range from 6.0 atom% in the low-flow sample to 7.0 atom% in the high-flow sample. Hydrogen concentrations of Ͼ15 atom% are detected in both high-flow and low-flow BTBAS silicon nitride samples, relative to 3.6 atom% for the DCS-based silicon nitride sample deposited at Ͼ700°C. The elevated hydrogen levels of BTBAS-derived silicon nitride are primarily due to less efficient by-product desorption/elimination at lower deposition temperature. Table II shows raw Si:N ratios of 0.93 and 0.97 are observed for BTBAS-derived silicon nitride films deposited in this study. At first glance, this data indicate a significant presence of excess silicon in low temperature silicon nitride deposited from BTBAS and NH 3 . However, the modes of carbon and hydrogen incorporation are not considered in the raw determination of the Si:N ratio. At sufficiently low impurity concentrations ͑solid solution͒, the host material phase should remain relatively intact. Thus, it is expected the ratio of silicon to nitrogen sites, inclusive of sites where displacement and substitution occurs, will also remain intact. An adjusted Si:N site ratio was calculated, based on the data from Table II, assuming carbon substitution of nitrogen in the SiN matrix and interstitial hydrogen incorporation; with 75% of incorporated hydrogen bonded to silicon and the remaining 25% bonded to nitrogen. The hydrogen bonding assumption is based upon previous FTIR characterization of silicon nitride material. 9 The adjusted Si:N site ratios, calculated from Eq. 2 below, are also provided in Table II Adjusted Si:N site ratio ϭ ͓%Si ϩ 0.25͑%H͔͒/͓%N ϩ %C ϩ 0.75͑%H͔͒
͓2͔
The adjusted Si:N site ratios of the BTBAS-derived silicon nitride films were calculated at 0.72 and are in close agreement with the expected 0.75 value reported for stoichiometric, DCS-based silicon nitride. The results of this analysis indicate low-temperature BTBAS silicon nitride exists as a modified SiN network with carbon substitution of nitrogen and disproportionate occupation of silicon and nitrogen sites by interstitial hydrogen. The close matching of carbon and nitrogen atomic radii favor carbon substitution of nitrogen and appreciable carbon solubility in the SiN solid solution. Stoichiometric silicon nitride (Si 3 N 4 ) deposited by LPCVD at Ͻ800°C is amorphous with silicon atoms coordinated by four nitrogen atoms in a distorted tetrahedral configuration. 10 Due to the absence of atomic order in the silicon nitride, valence mismatch between nitrogen and carbon is not expected to inhibit carbon substitution. Figure  6 illustrates how carbon may be incorporated within the amorphous Si 3 N 4 network. It is possible that localized regions of ordered atomic structure form around incorporated carbon, which may increase film density and relax interatomic bond strains to reduce internal film stress.
Optical properties of 300 Å BTBAS silicon nitride deposited at Ͻ600°C using the high-flow process conditions were compared against that of a 2000 Å DCS-based silicon nitride sample deposited at Ͼ700°C. BTBAS silicon nitride samples were taken from the top, center, and bottom zones of the reactor. The complex index of refraction was determined using spectroscopic ellipsometry over a measurement spectrum ranging from 208-688 nm ͑1. .0 eV͒ at an incident angle of 73°. Refractive indexes and extinction coefficients of silicon nitride films deposited in this study were determined by performing least-squares regression to measured elliptic polarization data. For regression analysis, silicon nitride films were modeled as effective material approximations between a transparent Cauchy dielectric and amorphous silicon. Figures 7a and b compare the refractive index and extinction coefficient spectra of silicon nitride films derived from BTBAS and DCS precursors. The refractive index measured for the DCS-based silicon nitride sample agrees well with that established for stoichiometric silicon nitride (Si 3 N 4 ) . 11 The lower refractive index of BTBAS silicon nitride, relative to DCSbased silicon nitride, is a consequence of the large amount of hydrogen present in the BTBAS silicon nitride films. Previous studies by Clausen et al. 12 have established a correlation between refractive index and hydrogen concentration in silicon nitride films, with lower refractive index values reported as hydrogen levels increase.
Extinction coefficient spectra from Fig. 7b show BTBAS-derived silicon nitride films remain slightly absorbing into the red region of the visible spectrum. As silicon is the only constituent in BTBAS silicon nitride with a bandgap energy (E g ) Ͻ 2 eV, this data suggest low-level Si-Si bonding in the material. Regression analysis indicate Ͻ1.5% volume fraction of amorphous silicon in all BTBAS-derived silicon nitride samples deposited in this study. These results indicate silicon substitution of nitrogen in the Si-N network and, as a consequence, slightly elevated silicon concentrations relative to stoichiometric silicon nitride. Reduction of Si-Si bonding can be achieved by increasing NH 3 concentration during deposition. However, the deposition rate will be reduced due to increased NH 3 dilution of the process chemistry. Bandgap energies (E g ) are estimated from the x-intercept ( 0 ) of the main absorption band. This intercept is shown for DCS SiN in Fig. 7b . The wavelength 0 is converted to photon energy Reaction 3 below is due to the presence of Si-C bonds (E g of 2.20-3.25 eV͒ in BTBAS-derived silicon nitride. Figure 7b shows two distinct absorption bands for the BTBAS silicon nitride samples. A secondary band due to Si-C bonding begins at 450-500 nm ͑2.5-2.7 eV͒ and onset of the main Si-N absorption band occurs at 300 nm ͑4.1 eV͒. The lower Si-N bandgap energies reported for BTBAS silicon nitride are likely due to convolution of Si-C and Si-N absorption bands at higher photon energies. Carbon and oxygen incorporation in silicon nitride deposited from BTBAS and NH 3 was further investigated by XPS using a 1486.6 eV Al X-ray source. XPS analysis depth was set at 60 Å to avoid detection of the adsorbed moisture and hydrocarbons on the sample surface. The XPS data of Table III show carbon concentrations in BTBAS silicon nitride deposited using the low-flow conditions increases from 5.9 atom% at the exhaust end of the reactor to 8.7 atom% in the bottom reactor zone. In addition, carbon incorporation increases to 6.6 and 9.5 atom% in the top and bottom reactor zones, respectively, when flow rates are doubled. Lower carbon incorporation toward the reactor exhaust is a possible consequence of increasing reagent residence time in the reactor. The varying carbon levels in films deposited across the reactor suggest parallel reaction pathways result from BTBAS decomposition. First is reaction of BTBAS with NH 3 at the substrate surface as shown in Eq. 1. This reaction produces the greatest level of carbon incorporation due to the presence of carbon-containing t-butylamine ligands. It is possible that partial and full decomposition of BTBAS occurs by the NH 3 attack in the gas phase according to Eq. 4 and 5, respectively
As reagent residence time increases, progressive decomposition of BTBAS through cleavage of the bulky, carbon-containing t-butylamine ligands is expected. Deposition from the resulting aminosilane species and ammonia results in reduced carbon incorporation in the SiN material. As the residence time will increase for lower reagent flow rates ͑at constant pressure͒, this theory is consistent with experimental observations. Oxygen concentrations ranging from 0.9 to 2.5 atom% are detected in silicon nitride films deposited at the high and low flow conditions listed in Table I . In comparison, oxygen incorporation of Ͻ0.05 atom% is detected in DCS-based silicon nitride films deposited at Ͼ700°C and 10:1 NH 3 -to-DCS ratio. Elevated oxygen levels have also been reported for low-temperature PECVD silicon nitride depositions, 13 and are believed to be related to the presence of residual oxygen or moisture in the process chamber during deposition. The presence of low concentrations of oxidizing species results in parallel reactions of NH 3 and the more reactive oxidizing species with BTBAS during deposition. The degree of oxygen incorporation is dependent on the reaction rates of the competing deposition reactions and the concentration, or partial pressure, of oxidizing species in the process ambient during deposition. Oxygen incorporation becomes more severe at lower temperatures due to the larger activation energy ͑55.4 kcal/mol from 550-600°C͒ observed for silicon nitride deposition from BTBAS and NH 3 , relative to 37 kcal/mol reported over the same temperature range for silicon dioxide depositions from BTBAS and O 2 .
5 Additionally, greater NH 3 depletion occurs at lower flow rates, resulting in higher partial pressures of oxidizing species toward the reactor exhaust. Table III shows oxygen levels in BTBAS silicon nitride films deposited using the low-flow process conditions increase from 1.31 atom% in the bottom zone to 2.49 atom% at the exhaust end of the reactor. This indicates a significant NH 3 concentration gradient develops across the reactor at the lowflow rates. Conversely, lower and more stable oxygen concentrations ranging from 0.91 to 1.08 atom% are detected in BTBAS silicon nitride films deposited using the high-flow process conditions. The lower and more uniform oxygen concentrations for the high-flow process are a direct result of greater and more uniform NH 3 concentrations across the reactor. This data suggest implementing a NH 3 :BTBAS flow ratio greater than the 2:1 ratio used in this study can reduce oxygen levels. However, the deposition rate will be reduced due to NH 3 dilution of the process chemistry. Figure 8a shows the FTIR transmission spectrum ͑700-4000 cm Ϫ1 ͒ from the center of a 2700 Å BTBAS-NH 3 silicon nitride sample deposited in the center zone of the reactor. The BTBAS silicon nitride sample was deposited using the high-flow process conditions. The characteristic Si-N stretching band is observed at 821 cm Ϫ1 with a slight absorption peak at 1105 cm
Ϫ1
, indicating Si-O stretch. FTIR detection of oxygen is consistent with XPS data. Formation of an interfacial, native silicon dioxide layer on the bare silicon substrate prior to deposition also contributes to the Si-O signal. Hydrogen incorporation was detected with Si-H and N-H bonding identified by absorption peaks at 2174 and 3358 cm Ϫ1 , respec- Figure 8 . FTIR spectra of silicon nitride deposited from BTBAS and NH 3 at Ͻ600°C: ͑a͒ FTIR spectrum ͑700-4000 cm
͒ detects hydrogen and oxygen incorporation. ͑b͒ Extension of FTIR spectrum to 400 cm Ϫ1 enables detection of Si-C absorbance band 611 cm tively. Hydrogen concentration, quantified using the method proposed by Lanford and Rand, 9 was estimated at 17.2 atom% and agrees well with HFS data of Table II . In addition, hydrogen quantification from FTIR data indicates 76% of the hydrogen is bound to silicon and supports the hydrogen bonding assumptions used for calculation of adjusted Si:N ratio in Eq. 2. The absence of C-H stretch bands between 2800 and 3000 cm Ϫ1 indicate no organic species reside in the material. Extension of FTIR transmission spectrum to 400 cm
, shown in Fig. 8b , does reveal a strong absorption band at 611 cm Ϫ1 , indicating significant Si-C bonding in the BTBAS silicon nitride films deposited in this study. The presence of Si-C bonding supports nitrogen substitution as a mode of carbon incorporation in silicon nitride deposited from BTBAS and NH 3 .
SIMS was utilized to qualitatively determine impurity levels in 300 Å BTBAS-NH 3 silicon nitride samples deposited in this study. A 2000 Å, DCS-based silicon nitride sample deposited at Ͼ700°C was included in the analysis. Negative ions 1 H, 12 C, and 30 Si were monitored under Cs ϩ bombardment at an impact energy of 1 keV and impact angle of 60°. Relative sensitivity factors were not determined for secondary ion intensities reported in this analysis. Thus, the intensity data are interpreted in relative terms only. In addition, carbon and hydrogen intensities are normalized to the 30 Si signal. SIMS intensity data of Fig. 9 show greater silicon concentrations for low-temperature BTBAS silicon nitride, relative to the DCS-based silicon nitride. The mechanism behind this observation is unclear. The greater silicon signal in BTBAS-derived silicon nitride may be an indication of increased film density or excess silicon in the film. A strong trend of increasing silicon signal intensity in the BTBASderived silicon nitride samples is observed as the deposition temperature increases. This trend is evident in Fig. 9 considering greater temperatures are required in the upper reactor zones for uniform deposition and that substrate edges are at lower temperatures due to reagent cooling effects. In contrast to DCS-based silicon nitride, silicon signal intensities of BTBAS-derived silicon nitrides are not stable, but decrease as film deposition progresses. This may be an indication that continuous reactor/substrate cooling occurs during deposition.
SIMS
12 C intensity data of Fig. 10 indicate the carbon content of the BTBAS silicon nitride samples are two orders of magnitude greater than that measured for DCS-based silicon nitride, a natural consequence of deposition from an organosilane precursor at significantly lower temperatures. Lower carbon levels are detected in BTBAS silicon nitride films deposited in the upper reactor zones with little center-to-edge substrate variation. This trend suggests that reagent concentrations in the annular flow region have a strong influence on carbon incorporation in BTBAS-derived silicon nitride. Decreasing carbon levels toward the reactor exhaust are due to progressive BTBAS decomposition, and cleavage of carboncontaining t-butylamine ligands, as reagent residence time increases. Hydrogen intensity data of Fig. 11 indicate greater hydrogen incorporation in BTBAS-derived silicon nitride relative to DCS-based material, and are consistent with HFS data of Table II. The elevated hydrogen levels in the BTBAS silicon nitride samples are the result of less efficient by-product elimination at lower deposition temperatures. Lowest hydrogen signal intensities are detected at the edges of BTBAS-derived silicon nitride samples with greater center-to-edge delta observed in samples deposited in the bottom reactor zone. This indicates a dependence of hydrogen incorporation on proximity to annular flow. Greater hydrogen incorporation in the center of the BTBAS-derived silicon nitride sample deposited in the bottom reactor zone is likely an effect of lower deposition temperature. In addition, Fig. 11 shows hydrogen signal intensities of BTBAS-derived silicon nitride films increase during deposition. This trend is consistent with silicon intensity trends that indicate progressive substrate cooling by injected BTBAS vapor during deposition. Figure 12 compares wet etch rates of BTBAS silicon nitride deposited at 550-600°C and DCS-based silicon nitride deposited at Ͼ700°C. Etch rate tests were conducted in an aqueous mixture of 40% ͑49%͒ dilute HF in ultrapure H 2 O. A dependence of BTBAS silicon nitride etch rates on the LPCVD reactor location is observed, with decreasing etch resistance in films deposited toward the reactor exhaust. Etch rate variability is more severe for BTBAS silicon nitride samples deposited using the low-flow process conditions. In comparison, DCS-based silicon nitride exhibits significantly greater and more uniform etch resistance across the reactor. The reduced etch resistance of BTBAS silicon nitride, relative to higher temperature DCS-based films, is a consequence of elevated hydrogen con- with lower etch resistance at elevated hydrogen levels. Hydrogen incorporation alone cannot account for BTBAS silicon nitride etch-rate variability across the reactor. The decreasing etch resistance of films deposited toward the reactor exhaust is not consistent with HFS and SIMS data that detect lower hydrogen levels in these films. This apparent contradiction suggests an additional mechanism substantially influences etch properties of BTBASderived silicon nitride. BTBAS silicon nitride etch rate vs. carbon incorporation data of Fig. 13 illustrate a strong dependence of silicon nitride etch rate to carbon incorporation, with increasing etch resistance at higher carbon concentrations. The mechanism responsible for this phenomenon is unclear. It is believed that the presence of highly covalent Si-C bonds may act to reinforce the silicon nitride network due to their strong binding energy and resistance to chemical attack. In addition, changes to the SiN microstructure resulting from carbon incorporation may increase material density and relax strained interatomic bonds, thus improving material strength and etch resistance.
Conclusions
Low temperature LPCVD of silicon nitride from BTBAS and NH 3 precursors has been demonstrated at 550-600°C with deposition rates ranging from 4-30 Å/min. At temperatures below 600°C, silicon nitride deposition from BTBAS and NH 3 retains a significant mass-transfer limiting component. Substantial carbon and hydrogen concentrations are detected in BTBAS-derived silicon nitride, relative to DCS-based silicon nitride deposited at higher temperatures. Incorporation of carbon and hydrogen in the SiN network result in formation of a SiNCH solid solution. A dominant mode of carbon incorporation is identified as carbon substitution of nitrogen in the SiN network. Disproportionate occupation of silicon and nitrogen sites by interstitial hydrogen account for hydrogen incorporation. Carbon incorporation in BTBAS silicon nitride is affected by process chemistry and declines as BTBAS decomposition progresses along the length of the reactor. The gas-phase reaction of BTBAS with NH 3 results in cleavage of carbon-containing t-butylamine ligands, thus producing increasingly carbon-free silicon precursors toward the reactor exhaust. Elevated hydrogen levels in BTBASderived silicon nitride, relative to higher-temperature DCS-based silicon nitride, are a consequence of less efficient hydrogen elimination at lower deposition temperatures.
Optical and physical properties of silicon nitride films can be significantly altered by the addition of carbon and hydrogen impurities. Characterization of BTBAS silicon nitride using spectroscopic ellipsometry yields significantly lower refractive index values relative to DCS-based films deposited at higher temperature. This is a consequence of elevated hydrogen levels in lowtemperature BTBAS silicon nitride. In addition, optical absorption occurs at lower photon energies in BTBAS-derived silicon nitride due to the presence of Si-C bonds, Silicon nitride etch resistance is also influenced by hydrogen and carbon concentrations. Silicon nitride etch resistance diminishes at elevated hydrogen levels, while carbon incorporation has an opposing influence with increasing etch resistance observed in films with higher carbon concentrations. Thus, carbon and hydrogen impurity concentrations in BTBASderived silicon nitride may be optimized to achieve the desired material properties for specific film applications.
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